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An enhanced conversion efficiency of ~3.1% was achieved for non-colloidal PbS/CdS thin

film solar cells with proper band alignments.
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Origin of the enhanced photovoltaic characteristics of PbS

thin film solar cells processed at near room temperature
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Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Korea

Abstract

An enhanced conversion efficiency of ~3.1 % for PbS/CdS thin film solar cells without the
involvement of quantum dots is demonstrated by focusing on the origin of the enhancement.
The optical band gap of PbS absorber is optimized toward the higher value by utilizing near
room temperature deposition in chemical baths. Only the highest band gap of ~1.61 eV for p-
type PbS, which was obtained at 40 °C, results in a promising band alignment with n-type
CdS layer for effective light absorption and charge transfer. Both open circuit voltage and
current density increase substantially to 280 mV and 20.93 mA/cm?, respectively, with the
ideal adjustment of the relative band gaps. The variations in crystallite size, surface
roughness, the stoichiometry ratio of S/Pb and carrier concentration are discussed as key

parameters in relation to the improved band alignment and photovoltaic properties.
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Introduction

Binary metal sulfide-based semiconductors have been widely investigated in an attempt to
assess their potential for various optoelectronic and photovoltaic applications due to their
unique optical properties.* Earlier studies have shown that metal sulfides exhibit band gap
tunability, which is useful for thin film solar cells.*® There are several techniques to deposit
the binary metal sulfide semiconductors, such as chemical bath deposition (CBD), thermal
evaporation, spray deposition, and atomic layer deposition process.®® Of those processes, the
CBD method has been used for potential solar cell applications because of its simplicity and
cost effectiveness in preparing dense thin films at low temperatures.®

Among binary metal sulfides, PbS is one of the most extensively investigated materials as
a p-type absorber because of its large exciton Bohr radius and high absorption coefficient of
~10° cm™ in visible light.**™ Many n-type semiconductors, i.e., ZnO, TiO,, CdS, and Bi,Ss,
have been studied to achieve promising junctions with the p-type PbS for better performance
of solar cells.>***2 Among the n-type candidates, CdS is considered as a proper window layer
for the PbS absorber due to its high transmittance with a wide band gap of 2.4-2.6 eV and a
high carrier concentration of ~10* ¢cm™.5* The conduction band edge of CdS is much lower
compared to those of other n-type sulfide materials, which is capable of offering a higher
driving force for carrier transfer from the PbS layer.™

While a lot of the recent PbS studies are focusing on the quantum dot (QD) approach, there
have been very rare studies dealing with the improvement of photovoltaic characteristics in
regular thin films. Hernandez-Borja et al.** had reported the chemically-deposited PbS/CdS
thin film solar cells with an efficiency of ~1.63 %. Recently, Obaid et al.® achieved a similar
efficiency of ~1.68 % for the PbS/CdS solar cells prepared by a microwave-assisted chemical
bath deposition (CBD) process, which is so far the best performance not concerning the

involvement of QDs. However, these studies have limitations in optimizing photovoltaic
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properties particularly in terms of crystallite size and thus optical band gap. There has been
no report on the band gap alignment at the heterojunction of regular thin films.

In this work, PbS/CdS-based thin film solar cells are fabricated on a fluorine-doped tin
oxide (FTO)/glass substrate by a typical CBD process at different temperatures. The aim of
present work is to scrutinize the origin of the improved photovoltaic performance in relations
to relative band positioning at interfaces between PbS and CdS layers, and to the Pb/S ratio
on the film surface. As a consequence, a champion cell efficiency of ~3.10 % is achievable
for the PbS thin film possessing the largest band gap of ~1.61 eV when processed at near

room temperature.

Experimental Section

CdS/PbS heterojunction solar cells were prepared on FTO-coated soda lime silicate (SLS)
glass substrates by chemical bath deposition. First, CdS thin film was grown in a bath of an
aqueous solution containing 0.025 M cadmium nitrate (Cd(NO3),-4H,0, Kanto chemical,
98%), 0.15 M sodium citrate (Na3CgHs0O7, Duksan, 99%), 0.3 M ammonia (NH,OH, Duksan,
30%) and 0.05 M thiourea (CH4N,S, Aldrich, 99%). Ultrasonically-cleaned FTO substrates
were vertically immersed into the CdS precursor solution at 80 °C for 30 min. The deposition
process was repeated twice to obtain a thickness of ~50 nm.

PbS thin films were then grown on the as-deposited CdS film in another aqueous solution
containing 0.05 M lead nitrate (Pb(NO3),, Kanto chemical, 99.3%), 0.04 M triethanolamine
(CeH1sNOg3, Aldrich, 98%), 0.2 M sodium hydroxide (NaOH, Duksan, 93%) and 0.06 M
thiourea. Different bath temperatures of 40, 60 and 80 °C were adopted for the PbS
deposition. Deposition time was adjusted to obtain an identical PbS thickness of ~200 nm at
each temperature, i.e., 60, 30 and 5 min at 40, 60 and 80 °C, respectively. The thickness of

PbS films was determined by confirming the minimal level of capacitance in the range of
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film thickness from 60 to 320 nm by the capacitance-voltage measurement as suggested
elsewhere.™ After the PbS deposition, the specimens were rinsed with deionized water and
dried in N, gas. An Al layer with a thickness of ~100 nm was deposited by thermal
evaporation.

Surface and cross-sectional microstructures were observed by field emission scanning
electron microscopy (FESEM: JSM-7001F, JEOL) equipped with an energy dispersive
spectrometer (EDS: EMAX, Horiba, Japan). The structure of the films was analyzed using an
X-ray diffractometer (XRD: Max-2500, Rigaku B) in Cu-ka radiation with A=1.5405 A.
Optical transmittance of the films was measured using a UV-visible spectrophotometer (\VV530,
JASCO). The PbS thin films were assessed by X-ray photoelectron spectroscopy (XPS) using
an Thermo VG XPS system (K-alpha, Thermo VG). Ultraviolet photoelectron spectroscopy
(UPS: PHI 5000 Versa Probe™, ULVAC-PHI) was used to examine energy band
characteristics. Current density-voltage (J-V) behavior was examined by using a current-
voltage analyzer (lviumStat, Ivium Technology) and a solar simulator (Sun 2000, ABET
technology) under AM 1.5. External quantum efficiency (EQE) of the cells was analyzed by

an incident photon conversion efficiency measurement unit (QEX 10, PV measurements).

Results and Discussion

Fig. 1 shows the X-ray diffraction patterns of PbS films deposited on SLS substrates at 40, 60
and 80 °C. Regardless of deposition temperature, the PbS thin films were found to be well
crystallized with all Bragg reflection peaks corresponding to cubic phase, which is consistent
with the reference [JCPDS 05-0592]. The intensities of all the peaks tend to increase
significantly with temperature, indicating that the crystallinity of the film is boosted very
sensibly with the small change in temperature. The change in deposition temperature does not

affect the directionality of crystal growth. The average crystalline size was calculated using
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the Sherrer equation from the full width at half maximum (FWHM) of the two main (200)
and (111) peaks. The crystallite size of the films deposited at 40, 60 and 80 °C was estimated
to be 16, 29, and 52 nm, respectively, which suggests that the growth of crystallites is
substantially enhanced by means of deposition temperature. It is understood that precursors
gain a higher energy at elevated bath temperature to decompose them into sulfur and lead
ions and subsequently to precipitate the nucleation and growth process of PbS.*°

Surface SEM photographs of the PbS thin films deposited at different temperatures are
shown in Fig. 2. As expected from the XRD FWHM analysis, the temperature dependence of
grain size is apparent in the images. All films showed densely-packed microstructures
without voids or cracks. Smaller discrete grains were distributed over the surface of the films
deposited at 40 °C while more faceted larger grains were identifiable with increasing
temperature up to 80 °C. In conjunction with the crystallinity evolution, the faceted grains
indicate that the temperature of 80 °C is high enough to facilitate the development of well-
defined grains with a rougher surface even within a short duration of 5 min.

Fig. 3 shows the plots of (ahv)? as a function of photon energy hv, where « is the
absorption coefficient, which was obtained from the spectral transmittance and reflectance
curves (not shown here) for the PbS thin films processed at different temperatures. The
optical band gap value was determined by extrapolating linear portions of (ahv)? as a
function of photon energy.’” The optical band gaps of the absorbers processed at a bath
temperature of 40, 60 and 80 °C were estimated to be 1.61, 1.31 and 0.92 eV, respectively.
Clearly, the deposition at lower temperature leads to a larger band gap. The band gap
tunability of PbS is generally understood in terms of the quantum confinement effect, which
is directly related to crystallite size of quantum dots.*® Typically, when the crystallite size of
quantum dots decreases to the range of 5-18 nm, the band gap increases, which minimizes the

density of localized states or defects in the forbidden band.™ In the present case, however,

Page 6 of 24



Page 7 of 24

Journal of Materials Chemistry A

considering the size of the crystallite of the films, the quantum confinement effect may not be
significant since our crystallite size is greater than 16 nm. The band gap tunability of the
films having larger crystallite sizes beyond the quantum confinement regime may have
different mechanism. There are numerous reports demonstrating variable band gaps of 0.9 to
2.3 eV in the case of non-colloidal PbS thin films for crystallites with the size range of 12 to
38 nm.**? These studies attributed the dependence of band gap potentially due to the
residual strain, defects, film thickness, grain size and morphology beyond the influence of
quantum confinement effect. However, the reasons for the tunable band gaps are not clearly
described. It is assumed that the larger grains observed here leave more effective unfilled
inter-granular volume so that the absorption per unit thickness is reduced.? The larger grains
at higher temperature may also induce the localized energy states from defects in grains and
grain boundaries, resulting in a lowered band gap.

High resolution XPS spectra of the Pb 4f and S 2p regions for the PbS thin films deposited
at different temperatures of 40, 60 and 80 °C are represented in Fig. 4. The values of the
binding energy were calibrated using the C 1s peak at 285 eV as an internal standard. The
XPS spectra in Fig. 4 (a) include two peaks at 137.5 and 142.5 eV, which originate from the
binding energy for Pb 4f;5, and Pb 4fs;, respectively. The S region shown in Fig. 4 (b)
consists of two peaks at 160.7 and 161.8 eV due to the S 2pip, and S 2pg, transitions,
respectively. The binding energies for Pb and S are in agreement with the values reported in
literature for PbS.?*?* There is no noticeable difference in the XPS patterns obtained at the
different temperature.

The variations in the atomic percentage of Pb and S on film surface according to the
deposition temperature are shown in Table 1. The ratios were obtained by averaging the
intensity values from the multiple-measurements of EDS. The relative percentage of S to Pb

was found to decrease slightly from ~50.31 to ~50.03 % with increasing temperature from 40
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to 80 °C, resulting in the decrease of the S/Pb ratio from 1.012 to 1.001. It is unclear with the
reason for the ratio change sensitive to the deposition temperature. It is assumed that the
result in the change of stoichiometry may be associated with the reaction sequence and
kinetics in the formation process of PbS. For example, it is reported that the final
decomposition of sulfur from the precursor of thiourea CH4N,S needs a sufficient reaction
time since the formation of HS is involved as an intermediate step prior to the formation of
PbS.? Since the shorter reaction time of 5 min was used at 80 °C to obtain the identical film
thickness of ~200 nm (compared to 60 min at 40 °C), sulfur may be less available at the high
temperature. It is also believed that the change in stoichiometry at each temperature affects
the growth degree of crystals during the deposition. A relatively higher content of Pb at high
temperatures may act positively in facilitating crystal growth of PbS.

Table 1 also represents carrier concentration according to the deposition temperature,
which was measured by the Hall measurement. All samples showed p-type conductivity.
Increasing the deposition temperature from 40 to 80 °C resulted in the decrease of the carrier
concentration from 5.59 x 10 to 8.93 x 10™ cm™. Kim et al. reported that a small change of
0.08% in the S/Pb ratio in PbS would bring the energy difference between the valence band
edge and the Fermi level by as much as 0.15 eV.?’ Aside from the potential effect of the S/Pb
ratio on carrier concentration, the surface roughness and nature of grain boundary may affect
largely the mobility of carriers at each temperature. Roughened interfaces and the
discontinuity at grain boundaries impede favorable transfer of charges. It is conclusive that
the deposition temperature in CBD determines not only the microstructural features like
crystallite size and roughness but also the stoichiometry of film surface, which potentially
influences the photovoltaic performance.

UPS spectra for the PbS thin films with different band gaps were examined to determine

the band alignment with respect to the CdS films. Fig. 5(a) and (b) show the UPS spectra of
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the PbS thin films processed at different temperatures. Valence band energy with respect to
the Fermi energy level was determined by extrapolating the linear portion of the low binding
energy side as illustrated in Fig. 5(a). Work function of the PbS thin films was determined by
the intersection of the secondary electron cut-off that occurs at high binding energies (Fig.
5(b)). The measured work functions of the PbS thin films were -4.43, -4.41, and -4.34 eV for
band gaps of 0.92, 1.31, and 1.61 eV, respectively. The valence and conduction band edges of
the PbS films were calculated from the work function and optical band gap values.

Fig. 6 shows the schematic energy band diagrams of the PbS thin films with different band
gaps, which were obtained by the UPS analysis. The band diagram of the CdS film was also
included for elucidating ideal band alignments with PbS. The separate UPS spectrum was
analyzed for the CdS layer (not shown here). The relative position of all energy levels, i.e.,
conduction band edge, valence band edge and Fermi energy level, with respect to the vacuum
level, tended to decrease slightly toward the lower band gap of PbS from 1.61 to 0.92 eV. The
valence band edge of the CdS layer is far below that of the PbS thin films since CdS has a
wide band gap of 2.61 eV. Such wide band gap is expected to result in a large hole injection
barrier at the PbS/CdS interface, which enhances the device performance instead of
decreasing the efficiency.?®* Furthermore, the electron back transfer from the CdS to the PbS
absorber must be suppressed for more efficient heterojunction solar cells.* It can be achieved
by increasing the conduction band offset between the CdS and PbS layers. Thus, a larger
conduction band offset AE. lowers the loss of the photogenerated carriers resulting in a higher
conversion efficiency.***° From the analysis of the UPS results here, AE. was estimated to be
about 0.96, 0.63, and 0.27 eV for the PbS films with band gap of 1.61, 1.31, and 0.92 eV,
respectively. Therefore, the photoexcited electron injection into the CdS layer will be the
most energetically favorable for the 1.61 eV PbS film owing to the larger conduction band

offset.
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Fig. 7 shows the current density-voltage curves of the PbS/CdS cells incorporating
different band gap of PbS. The resulting photovoltaic values of short circuit current density
Jse, Open circuit voltage Vo, fill factor FF and conversion efficiency n are presented in Table
2. As expected, the photovoltaic characteristics seem to be directly related to the band gap of
the PbS absorber. The photovoltaic cells with PbS processed at 40 °C (or having a large band
gap of 1.61 eV) had the best efficiency of ~3.10% with Js. of 20.93 mA/cm?, V. of 280 mV
and FF of 52.70%. The cells with the lower band gap of PbS processed at higher temperatures
exhibited inferior photovoltaic performances. V. is known to be particularly related to the
band gap of the absorber as illustrated by the simple equation, V. = A(Egle) - B, where e is
the electron charge, Egq is the band gap of the absorber layer, and A and B are the constants.™
Accordingly, a larger band gap results in a higher V. value. On the other hand, the Js; and FF
values are likely affected by the light absorption and effective hole carrier density of the
absorber. The light absorption is strongly dependent on the band gap of absorbers. As an ideal
case of solar cells, band gap of ~1.3 - 1.5 eV is favorable to obtain an appropriate amount of
photoexcited electrons because the wavelengths corresponding to these energies show the
highest intensity of solar spectrum on the surface of earth. In our case, the PbS layer with E,
~ 1.61 eV that is close to the ideal band gap range demonstrates a larger conduction band
offset with CdS and thus a higher driving force for carrier transfer. Similarly, Bhandari et al.
reported that the PbS quantum dot absorbers with a band gap of ~1.57 eV gave rise to an
efficient solar cell due to promising conduction band offset and effective light absorption.*®

Fig. 8 shows normalized EQE spectra of the PbS/CdS solar cells for the PbS thin films
with different band gaps. The falling edge of the spectra gradually shifts towards higher
wavelength consistent with the decreasing band gap of the PbS films. For the 1.61 eV film,
the photocurrent generated in the region 470 to 750 nm is attributed to the absorption in the

PbS films followed by electron transfer to the CdS layer. The curve below ~470 nm

Page 10 of 24



Page 11 of 24

Journal of Materials Chemistry A

represents photocurrent contributed by the CdS film which absorbs the wavelength above the
band gap of 2.61 eV. As the band gap of the PbS film decreases, the absorption range
increases with the extended tail. The higher absolute EQE values of solar cells for the PbS
film with the band gap of 1.61 eV imply more efficient charge separation, transportation and
collection as generally accepted for the enhanced EQE values. Absolute EQE spectra of the
photovoltaic cells for the PbS thin films processed at different temperatures are presented in
Fig. S1. Calculated Ji. values by integration of the curves are 19.48, 9.07 and 2.56 mA/cm?
for the PbS films with band gap of 1.61, 1.31, and 0.92 eV, respectively. They are in good

agreement with the Js; values in Table 2.

Conclusions

The positive adjustment of processing parameter in chemical bath deposition of PbS has
shown the enhanced photovoltaic cell efficiency of ~3.1 % for PbS/CdS thin film solar cells,
which is the best efficiency so far without the involvement of quantum dots. As the critical
origin of the enhancement, proper band alignment between PbS and CdS layers is believed to
influence efficiently the light absorption and charge transfer only for the PbS case having the
highest optical band gap of ~1.61 eV. The achievement is possible by reducing deposition
temperature to near room temperature of 40 °C to minimize the crystalline size of PbS as
small as 16 nm, which result in the largest conduction band offset of 0.96 eV. In conjunction
with the level of crystalline size, smoother S-rich surface is assumed to contribute to the
improved carrier concentration and photovoltaic properties for the case of the band gap of
1.61 eV. Other photovoltaic values of Js. of 20.93 mA/cm?, V. of 280 mV and FF of 52.70%

are obtained for the PbS absorber exhibiting the best conversion efficiency.
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Table 1 Atomic percentage, S/Pb ratio and carrier concentration of PbS thin films deposited at

different temperatures of 40, 60 and 80 °C. The relative atomic percentages were obtained by

the EDS analysis of film surface.

T Atomic percentage (%)
S/Pb Carrier concentration (cm™)
(°C) Pb S
40 49.69 50.31 1.012 5.59 x 10%°
60 49.87 50.13 1.005 1.36 x 10%°
80 49.97 50.03 1.001 8.93 x 10

14
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Table 2 Optical band gap of PbS thin films and photovoltaic parameters of PbS/CdS solar

cells under 100 mW/cm? illumination

T Eq Jsc Ve FF n

¢c) (ev) (mAfcm?)  (mV) (%) (%)
40 1.61 20.93 280 52.70 3.10
60 1.31 11.12 214 40.36 0.96
80 0.92 3.30 180 29.13 0.19
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Fig. 1 XRD patterns of PbS thin films deposited on SLS glass substrate at different
temperatures of 40, 60 and 80 °C by chemical bath deposition.
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Fig. 2 SEM surface images of PbS thin films deposited at different temperature of 40, 60 and
80 °C for 60, 30 and 5 min, respectively.
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Fig. 3 (ahv)? vs. hv plots for PbS thin films deposited at different temperatures of 40, 60, and

80 °C. Optical band gap of the film is determined by extrapolating the curve from the upper

linear region to (ahv)? = 0 as illustrated by the straight line of each curve.
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Fig. 4 XPS spectra of PbS thin films deposited at 40, 60 and 80 °C in the binding energy
regions corresponding to (a) Pb 4f and (b) S 2p peaks.
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Fig. 5 UPS cutoff spectra in the two binding energy regions of (a) -1.5 to +1.5 eV and (b)
16.4 to 17.2 eV for the PbS thin films deposited at 40, 60, and 80 °C.
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Fig. 6 Schematic of the energy level alignments at the junction of the PbS and CdS layers for
the different optical band gaps of PbS, obtained by the UPS analysis of Fig. 5. The dotted
line indicates the Fermi energy level.
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Fig. 7 Current density vs. voltage plots for the photovoltaic cells
with different band gaps of the PbS thin film.
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Fig. 8 Normalized EQE spectra of the photovoltaic cells for the PbS thin films
with different band gaps.
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